Introduction
Matrix Gla protein (MGP) is a small, gamma-carboxylated protein that binds and inhibits BMP-2 and BMP-4 (1) (2) (3) . It is best known for its role as an inhibitor of arterial calcification; gene deletion of Mgp in mice results in transdifferentiation of aortic smooth muscle cells into osteochondrogenic lineage and extensive calcification in the aorta (4, 5) . However, MGP is highly expressed in multiple organs, including lungs and kidneys, and excessive MGP in Mgptransgenic mice results in inhibition of the pulmonary vascular development (6) . It has also been reported that patients with a deficiency of MGP, the so-called Keutel syndrome (7) , have multifocal peripheral pulmonary artery stenoses (8) , further supporting a role for MGP in vascular formation.
The activin-like kinase receptor 1 (ALK1) is essential for normal angiogenesis (9) , and mutations in the Alk1 gene are known to cause hereditary hemorrhagic telangiectasia (HHT) (10, 11) . HHT is characterized by arteriovenous malformations (AVMs) in organs, such as the lungs, intestine, and brain, and is associated with a high risk of potentially devastating bleeding. High levels of VEGF have been implicated in the pathogenesis of HHT (12, 13) , and we previously showed that BMP-9 stimulation of ALK1 has a suppressive effect on VEGF expression (14) . We also showed that this suppression is accompanied by an induction of ALK5, which together with TGF-β1 later overcomes the VEGF suppression (14) . In absence of ALK1, this biphasic VEGF regulation does not function properly (14) ; instead, VEGF levels increase by an unidentified mechanism that does not appear to involve ALK5. Because ALK1 is induced by BMP-4, the ALK1/ALK5 pathway provides a means for BMP-4 to enhance VEGF. Thus, VEGF levels may be high due to increased BMP-4 activity or due to a deficiency in ALK1.
BMP-4 also induces MGP in ECs, an induction that is mediated by ALK1. The induction of MGP precedes that of ALK5 and VEGF (14) , and MGP provides feedback inhibition for BMP-4 and ALK1 induction. In previous studies, we showed that, in absence of MGP, aortic VEGF expression increased due to increased BMP activity and induction of ALK1 and was associated with an abnormal endothelial response to inflammation (15) . Because of the abnormal response and the increased VEGF expression, we hypothesized that lack of MGP may promote AVMs in MGP-expressing organs such as lungs and kidneys. In this study, we take advantage of Mgpnull (Mgp -/-) mice and demonstrate a dramatic formation of AVMs in lungs and kidneys. Our results suggest that MGP deficiency is a previously unknown cause of AVMs and that vascular pathology due to MGP deficiency differs depending on the vascular bed.
Results
Abnormal vasculature and evidence of AVMs in lungs and kidneys from Mgp -/mice. To study the effects of altering MGP expression on vascular formation in lungs and kidneys, we compared the pulmonary and renal vasculature in 4-week-old Mgp -/mice with that of 4-week-old wild-type and Mgp-transgenic (Mgp tg/wt ) mice. The phenotype caused by excess MGP is apparent in the heterozygous Mgp tg/wt mice (6) . For this reason, the heterozygous Mgp tg/wt mice were used throughout the study because of high mortality in the Mgp tg/tg mice (6) . The Mgp -/lungs and kidneys were slightly smaller than both wild-type and Mgp tg/wt lungs and kidneys and appeared more vascularized when removed from the mice and after vascular casting ( Figure 1A and Figure 2A , top 2 panels). We examined the vasculature using microcomputed tomography (micro CT), which revealed striking differences among the 3 mice. Images from the 3D analysis are shown in Figure 1A and Figure 2A (see also Supplemental Videos 1-6 for full reconstructions; supplemental material available online with this article; doi:10.1172/JCI57567DS1). The pulmonary and renal vasculature in Mgp -/mice exhibited excessive branching of small vessels, irregular caliber of arteries, and evidence of AVMs, based on the increased visualization of the venous system, as compared with that of the wild-type and Mgp tg/wt mice ( Figure 1A and Figure 2A , veins marked with stars). The presence of arteriovenous shunts was supported by vascular shunting of injected fluorescent microspheres (referred to herein as fluorescent microsphere passage) that would normally be retained in the tissue, which bypassed the Mgp -/lungs and kidneys ( Figure 1C and Figure 2C ). Furthermore, niduses of enlarged and entangled vessels were observed in some of the Mgp -/mice ( Figure 1D and Figure 2D , left). Direct connections between an arterial segment and a venous segment were observed on the surface of the Mgp -/lungs ( Figure 1D , right), and both afferent and efferent arterioles were visualized in the Mgp -/kidneys ( Figure 2D , right), suggesting abnormal arteriovenous connections in the glomeruli. Less branching and no evidence of AVMs were seen in the vasculature of Mgp tg/wt mice ( Figure 1A and Figure 2A ). In addition, the kidneys were heavier when normalized to total body weight in the Mgp -/mice and showed significantly more glomeruli per microscopic field than wild-type and Mgp tg/wt mice (Supplemental Figure 1 , A-D). Capillary density and diameter were examined by immunofluorescence with antibodies to the vWF. Both total capillary density and the number of capillaries with a diameter of more than 20 μm increased when MGP decreased and were highest in the Mgp -/mice ( Figure 1 , B and E, and Figure 2 , B and E). This suggests that AVMs are present (16) . Expression of PECAM-1 and Ephrin B2, markers of mature and arterial ECs, respectively, (16) , was significantly higher in lungs and kidneys from Mgp -/mice compared with that of wild-type and Mgp tg/wt mice, as determined by real-time PCR and immunoblotting ( Figure 1F and Figure 2F ). Together, the results suggested vascular dysregulation and the presence of AVMs in the Mgp -/mice. SMAD1/5/8 signaling is increased in type II epithelial cells. Since MGP acts as an inhibitor of BMP-2 and BMP-4 (1, 2), we determined whether levels of phosphorylated SMAD1/5/8 (pSMAD1/5/8) changed in MGP deficiency, using extracts and tissue from Mgp -/-, Mgp tg/wt , and wild-type lungs. The results showed a strong increase in pSMAD1/5/8 when MGP was deficient, as determined by immunoblotting ( Figure 3A ) and immunofluorescence ( Figure 3B ). pSMAD2/3, mediating TGF-β signaling, was also increased, consistent with previous data that BMP-4 induces TGF-β signaling through ALK1 and ALK5 (14) . Although pSMAD1/5/8 and pSMAD2/3 showed some colocalization with VE-cadherin (an EC marker), most of the pSMADs colocalized with surfactant protein B (SP-B) (a marker of type II epithelial cells; ref. 17 and Figure 3A ), consistent with enhanced BMP signaling in type II epithelial cells in MGP deficiency.
Enhancement of BMP-induced gene expression in MGP-deficient type II epithelial lung cells. We previously identified a regulatory pathway induced by BMP-4 in ECs ( Figure 4A for schematic outline) (14, 18, 19) . In this pathway, BMP-4 interacts with the ALK2 to stimulate expression of ALK1. ALK2 expression itself is also stimulated by enhanced BMP signaling. The induced ALK1 receptor is stimulated by BMP-9, which circulates in plasma (20) , and induces expression of MGP and ALK5. MGP limits BMP-4 activity (2), and ALK5 is stimulated by TGF-β1 to induce VEGF expression (14) . We hypothesized that this pathway was activated in the type II epithelial lung cells and may contribute to AVMs by stimulating VEGF expression.
Our results showed that the expressions of ALK2, ALK1, ALK5, and VEGF were all significantly increased in Mgp -/lungs and decreased in Mgp tg/wt lungs, as determined by real-time PCR, immunoblotting, and immunofluorescence ( Figure 4 , B-D). However, the expression of BMP-4 in the lungs and BMP-9 in the liver remained unchanged ( Figure 4B ). As we expected, MGP expression increased in Mgp tg/wt lungs but was absent in Mgp -/lungs ( Figure 4B ).
Next, we determined where in the lungs the BMP-induced genes were expressed by colocalization. For these experiments, we used Mgp -/lungs and compared localization of ALK2, ALK1, ALK5, or VEGF with that of VE-cadherin and SP-B by immunofluorescence. Although the results revealed some colocalization of ALK2, ALK1, ALK5, and VEGF with VE-cadherin ( Figure 4E ), most of the colocalization was seen with SP-B ( Figure 4E ) in type II epithelial cells. Together, the results suggest that BMP-induced gene expression was enhanced in type II epithelial cells and that these cells were responsible for the increased VEGF in MGP deficiency.
VEGF is regulated by the BMP regulatory pathway in type II epithelial lung cells and affects EC proliferation. To explore BMP-mediated regulation of VEGF in lungs cells, we prepared primary lung cells from Mgp -/-, Mgp tg/wt , and wild-type 4-week-old mice. The initial cell preparations showed expression of Clara cell secretory protein (CCSP, Clara cell marker; ref. 21) , aquaporin-5 (AQP-5, type I epithelial cell marker; ref. 22 ), SP-B, and PECAM-1 ( Figure 5A ). After the cells were cultured for 7 to 14 days, only cells expressing SP-B were detected ( Figure 5A ). These were used as a population representative of type II epithelial cells in subsequent experiments.
We first examined BMP activation in the isolated lung cells. The results revealed higher BMP and TGF-β activation in Mgp -/cells compared with that in Mgp tg/wt and wild-type cells, as determined by immunoblotting ( Figure 5B ). pSMAD1/5/8 and pSMAD2/3 were also detected by immunofluorescence ( Figure 5C ) and were largely localized to the nuclei (Supplemental Figure 2 for Mgp -/cells), consistent with activated SMADs.
We then compared cell proliferation in ECs and type II epithelial cells from wild-type mice in response to conditioned media from the Mgp -/-, Mgp tg/wt , and wild-type lung cells. VEGF or anti-VEGF antibodies were added to determine the importance of VEGF in the proliferative response. The results showed that conditioned media from the Mgp -/cells stimulated proliferation of ECs but inhibited that of type II epithelial cells, as determined by Figure 5D ). Conversely, conditioned media from the Mgp tg/wt cells inhibited proliferation of ECs but stimulated that of type II epithelial cells ( Figure 5D ). The proliferative response in ECs but not in type II epithelial cells was mediated by VEGF. Addition of anti-VEGF antibodies diminished stimulation of EC proliferation by conditioned media from all tested groups, whereas VEGF enhanced the proliferation ( Figure 5D ). Addition of control IgG had no effect. The results suggested that MGP interferes with the effect of BMP-4 on proliferation and that BMP-4 stimulation of EC proliferation is mediated by VEGF.
H-thymidine incorporation (
Because VEGF is induced by BMP-4, we also tested the importance of BMP-4 on cell proliferation in ECs and type II epithelial cells from wild-type mice. In this case, we used conditioned media from bovine aortic ECs (BAECs) overexpressing MGP, human aortic ECs (HAECs) depleted of MGP by siRNA, or control-transfected cells. BMP-4 (40 ng/ml) or anti-BMP-4 antibodies (300 ng/ml) were added. Again, the results showed that MGP depletion stimulated proliferation of ECs but inhibited that of type II epithelial cells ( Figure 5E ), whereas excess MGP inhibited proliferation of ECs but stimulated that of type II epithelial cells ( Figure 5E ). Addition of BMP-4 stimulated EC proliferation by conditioned media from all tested groups but inhibited that of the lung cells ( Figure 5E ). However, anti-BMP-4 antibodies had the reverse effect. Together, the results suggest that lack of MGP inhibits proliferation of type II epithelial cells but stimulates proliferation of ECs by enhancing VEGF expression. The inhibited growth of type II epithelial cells is also supported by a paucity of terminal airways in the Mgp -/mice (Supplemental Figure 3 ). We next determined whether the BMP pathway regulated VEGF expression in type II epithelial cells using cells from Mgp -/-, Mgp tg/wt , and wild-type mice, treating them with BMP-4, BMP-9, and TGF-β1. These experiments are described in the supplemental materials (Supplemental Figure 4) . The results showed that BMP-4 induced VEGF in type II epithelial cells through ALK2, ALK1, and ALK5, findings that were similar to the previous results in ECs (14, 18) . This pathway was highly activated in Mgp -/cells, suggesting that the increased BMP activity is responsible for the VEGF induction. We further verified the importance of the BMP pathway and SMAD1 for VEGF induction using siRNA (Supplemental Figure 4) . BMP-7 regulates VEGF through the BMP regulatory pathway in renal mesangial cells. Both BMP-4 and BMP-7 have been shown to play important roles in renal development (23) . Although dramatic changes were observed when MGP levels were altered, it is not clear which BMP actually regulates VEGF in renal vascular development. We first determined the expression of BMP-4, BMP-7, ALK2, ALK1, ALK5, and VEGF in the kidneys from Mgp -/-, Mgp tg/wt , and wild-type mice. Expression of ALK2, ALK1, ALK5, and VEGF, but not BMP-4 and BMP-7, was significantly increased in the Mgp -/mice and decreased in the Mgp tg/wt mice, as determined by real-time PCR and immunoblotting ( Figure 6A , compare with lung expression in Figure 4 , B and C). Furthermore, renal pSMAD1/5/8 and pSMAD2/3 levels increased in the Mgp -/mice but decreased in the Mgp tg/wt mice, as determined by immunoblotting ( Figure 6C ). Both pSMAD1 and pSMAD2/3 colocalized with α-smooth muscle actin, which is used as a marker of mesangial cells in the kidneys (Supplemental Figure 5 ).
VEGF is expressed by mesangial cells and podocytes and acts on these cells as well as on ECs (24) . To determine whether BMP-4 or BMP-7 more efficiently regulates VEGF expression in these cell types, we treated mesangial cells and podocytes with BMP-4 or BMP-7 (0-80 ng/ml) for 24 hours. The results showed that BMP-7 was more efficient in inducing VEGF in mesangial cells than BMP-4 ( Figure 6D ), whereas no induction of VEGF was detected in podocytes (data not shown).
Next, we determined whether BMP-7 activated the BMP regulatory pathway and induced MGP and VEGF in mesangial cells using siRNA techniques. The mesangial cells were transfected with scrambled control siRNA or siRNA for MGP, ALK2, ALK1, ALK5, SMAD1, or SMAD2 and then treated with BMP-7 (0-80 ng/ml), starting on the day after transfection. Expression of MGP, ALK2, ALK1, ALK5, and secreted VEGF was determined by real-time PCR and/or immunoblotting. The results showed that MGP induction was abolished by depletion of ALK2, ALK1, and SMAD1 ( Figure 6E ), supporting the hypothesis that ALK2 and ALK1 mediated induction of MGP through SMAD1. As expected, depletion of MGP enhanced BMP-7-induced expression of ALK2, ALK1, ALK5, and VEGF ( Figure 6F ). Furthermore, depletion of ALK2 and SMAD1 abolished induction of ALK1, ALK5, and VEGF; depletion of ALK1 abolished induction of ALK5 and VEGF; and depletion of ALK5 abolished induction of VEGF ( Figure 6F) . The results suggested that BMP-7 activated the same regulatory system in the mesangial cells that BMP-4 activated in the type II epithelial cells. We also found that MGP binds and inhibits BMP-7 and BMP-4 in a similar manner in experiments using a luciferase reporter gene, coimmunoprecipitation, and cross-linking (Supplemental Figure 6 ).
Alk1-deficient mice have decreased expression of MGP in lungs and kidneys. Heterozygous ALK1-deficient (Alk1 +/-) mice are a mouse model of HHT that develop AVMs (25) . Because ALK1 signaling enhances MGP expression (14, 18) , we hypothesized that the Alk1 +/mice would have decreased MGP levels. We collected lungs and kidneys from Alk1 +/mice, aged 20 weeks, and determined MGP expression. Both lungs and kidneys showed decreased expression of MGP, as determined by real-time PCR, compared with that of wild-type controls (Supplemental Figure 7A ). Tissue levels of MGP were also decreased, as determined by immunofluorescence (Supplemental Figure 7B ). Thus, low MGP levels are a common factor for Mgp -/and Alk1 +/mice, even though Mgp -/mice have increased ALK1 levels and Alk1 +/mice have reduced ALK1 levels. This suggests that low MGP levels may contribute to the formation of AVMs in ALK1 deficiency.
Discussion
Multifocal peripheral pulmonary artery stenoses in the Keutel syndrome (8) and inhibited pulmonary vascular development in Mgptransgenic mice (6) point to a pivotal role of MGP in the pulmonary vasculature. In this study, we demonstrated that MGP deficiency is indeed a major determinant of both pulmonary and renal vascularization, including the formation of a normal capillary networks, and the number of glomeruli. The importance of MGP in preventing AVMs has not been reported previously to our knowledge and suggests that BMP inhibition could be a new strategy in treating AVMs.
Vascular abnormalities such as AVMs are clinically significant problems that may be due to genetic disorders such as HHT (10) or emerge as a secondary effect of, for example, liver failure (26) . AVMs lack the normal capillary network that progressively dampens the blood pressure and optimizes delivery of nutrient and oxygen. Instead, arteries and veins are connected by thin-walled, large-caliber shunts with high propensity for bleeding. Bleeding from AVMs may have devastating clinical effects, including life-threatening pulmonary or gastrointestinal hemorrhages and hemorrhagic strokes (10, 25) . Our studies showed that low MGP levels were common for both Mgp -/and Alk1 +/mice, even though Mgp -/mice had increased ALK1 levels ( Figure 4B ) and Alk1 +/mice had reduced ALK1 levels ( Figure 5 in ref. 14) . This suggests that a reduction of MGP, whether congenital or acquired, may contribute to the development of AVMs.
AVMs related to human HHT are caused by loss of ALK1 signaling (10, 11). However, both serum levels of VEGF and expression of VEGF in nasal mucosa are increased in HHT patients (13) , consistent with the findings in the Alk1 +/mice. This suggests that both the Alk1 +/mice and the Mgp -/mice are relevant to human HHT. The difference in ALK1 expression between Alk1 +/and Mgp -/mice is likely due to the specifics of the regulatory connections among BMP-4, ALK1, and MGP ( Figure 4A ). In Alk1 +/mice, partial gene deletion results in low ALK1 levels, which causes a dysregulated increase of VEGF through an unknown mechanism (14) but suppresses MGP. In Mgp -/mice, the absence of MGP allows BMP-4 to boost ALK1 expression, which will ultimately promote VEGF expression through an induction of ALK5/TGF-β1 signaling (14) .
A reduction of functional MGP may also occur during warfarin treatment, which interferes with the vitamin K-dependent gamma-carboxylation of glutamate residues. We have previously shown that gamma-carboxylated glutamates (Gla residues) are required for the binding of MGP to BMP-4 (2) . Noncarboxylated MGP has been reported in the vasculature after warfarin treatment and may increase the risk for vascular and valvular calcification (27) . However, it is not known whether warfarin promotes AVMs or increases local expression of VEGF. Such an effect would likely depend on the warfarin dose and patient sensitivity.
Renal AVMs have not been reported in Keutel syndrome as far as we know. Indeed, renal AVMs are rare (28) and have only been reported as case reports in patients with HHT (29), possibly because the kidneys are not routinely investigated. However, it has been shown that patients with HHT have an increased prevalence of hematuria (47% versus 12% in control subjects; ref. 30), suggesting that renal vascular malformations may be more common than reported. We found a prominent increase in the number of glomeruli in the MGP-deficient kidneys, suggesting that the modulation of BMP activity is a mechanism for determination of the number of glomeruli. However, the functional importance of this is unclear, because the Mgp -/mice did not show increases in serum phosphate levels, a sign of renal insufficiency, in previous studies (15) .
In our regulatory pathway, BMP-4 regulates VEGF and MGP through induction of ALK1 ( Figure 4A and refs. 14, 18, 19 ). BMP-9, which circulates in plasma, subsequently activates ALK1 and enhances VEGF expression through an ALK5/TGF-β-mediated step. Without this step, VEGF expression is suppressed by ALK1/BMP-9. Our results show that type II pulmonary epithelial cells activate VEGF expression through the same pathway and provide most of the VEGF in the lungs. EC proliferation increases in response to BMP-4 activity, which is mediated by VEGF. However, type II epithelial cell proliferation decreases and is unaffected by VEGF. Instead, it is stimulated by BMP-4 inhibition resulting from high levels of MGP or anti-BMP-4 antibodies. This is consistent with the alveolar increase in the Mgp tg/wt mice suggested by the examination of the terminal airways (Supplemental Figure 3) . Overall, the findings suggest that an imbalance in BMP activity will affect the coordination between ECs and lung cells, which is an essential factor in tissue organization. This supports the concept that the same stimulus generates different responses in different cell types, a concept that could be applied to any pair of cells to optimize coordination of growth. Furthermore, it may be a mechanism for mutual regulation by 2 neighboring cells.
Renal mesangial cells also regulate VEGF expression in response to BMP stimulation, predominantly by BMP-7 in our experiments. Although BMP-7, like BMP-4, binds and inhibits MGP, it is not clear if the renal AVMs in MGP deficiency are the result of enhanced BMP-7 activity alone or a combination of BMP-4 and BMP-7 activity. Both BMPs are important for renal development (23) , and their relative affinity for MGP has not been determined. VEGF regulation in podocytes does not appear to respond to BMP-4 or BMP-7 in our experiments, even though podocytes play an important role in VEGF regulation in kidneys (24) .
It is striking that AVMs coexist with massive arterial calcification in the Mgp -/mice (4, 5), demonstrating differences between vascular beds in response to MGP deficiency. The calcification has been reported to affect all elastic and muscular arteries but not arterioles, capillaries, or veins (4) . We were unable to detect calcification in the pulmonary and the intrarenal circulation, which supports the previous observations. Understanding the connection between arterial calcification and AVMs will require further studies, but we speculate that abnormalities in endothelial function play a key role. For example, in hyperlipidemic MGP-deficient mice, the endothelium does not show the expected expression of endothelial adhesion proteins (31). Furthermore, excessive ALK2 activity was recently linked to abnormal EC differentiation (32) and may also play a role in the MGP-deficient mice.
Our research shows that a causal relationship between Mgp gene deletion and AVMs in lungs and kidneys and possibly other organs exists. This suggests that it is possible that abnormalities in MGP function contribute to the triggering of AVMs in HHT. In addition, Mgp gene deletion is a striking example of the same gene defect causing different pathologies in different vascular beds.
Methods
Animals. Mgp tg/wt mice on a C57BL/6J background were generated as previously described (6) , and Mgp +/mice on a C57BL/6J background (4) were obtained from Cecilia Giachelli (University of Washington, Seattle, Washington, USA, with the permission of Gerard Karsenty (Columbia University, New York, New York, USA). Alk1 +/mice on a C57BL/6J background were obtained from The Jackson Laboratory. Genotypes were confirmed by PCR (5, 6) , and experiments were performed with generation F4-F6. Littermates were used as wild-type controls. All mice were fed a standard chow diet (Diet 8604, Harlan Teklad Laboratory). All mice were used for experiments at 4 weeks of age, except the Alk1 +/mice, which were used at 20 weeks of age. The investigation conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publications No. 85-23, revised 1996) and had been reviewed and approved by the Institutional Review Board of the UCLA.
Micro CT imaging. Micro CT was performed by Numira Biosciences, and the specimens were prepared as per their instructions. The mice were sacrificed and immediately perfused through the right ventricle (for lungs) or the left ventricle (for kidneys) with PBS until the perfusate that drained through an atrial vent was essentially free of blood. The curing agent was added to the MICROFIL compound (Flow Tech Inc.). When the perfusion was complete, the MICROFIL compound was infused through the ventricular cannula using a syringe. The infusion was continued until the MICROFIL compound flowed freely from the atrial vent. The ventricular and atrial cannulas were then clamped, and the mice were placed at 4°C overnight. After adequate polymerization of the MICROFIL compound, the organs were harvested, rinsed with icecold PBS, and incubated in 10% neutral-buffered formalin for 24 hours before undergoing micro CT.
All samples were scanned on a high-resolution, volumetric micro CT scanner (μCT 40, ScanCo Medical) at Numira Biosciences. The image data were acquired with the following parameters: 10-μm isotropic voxel resolution; 200-ms exposure time; 2,000 views; and 5 frames per view. The micro CT generated DICOM files were used to analyze the samples and to create volume renderings of the regions of interest. The raw data files can be viewed using Microview (GE Healthcare) and AltaViewer (Numira Software). Additionally, images of the sample were generated using SCI-Run (Scientific Computing and Imaging Institute, University of Utah; http://www.sci.utah.edu/cibc/software/106-scirun.html).
Vascular casting. Vascular casting of the pulmonary and renal vasculature were both performed by perfusing the MICROFIL compound as described for micro CT. However, after the MICROFIL compound had cured over night, the tissue was subjected to a clearing sequence with different concentrations of alcohol ranging from 25% to 100% over 7 days. In a final step, the tissue was cleared by methyl salicylate, and the tissue was photographed.
Vascular shunting. Fifteen-μm fluorescent microspheres (Invitrogen) were injected into the right or left ventricle immediately after sacrificing the mice, and tissues were examined and photographed under UV light.
Tissue culture and siRNA transfections. HAECs were cultured as previously described (18, 33) . Primary lung cells were prepared from mice lungs, as previously described (6) , and cultured in DMEM supplemented with 10% FBS. For treatment of primary pulmonary cells, BMP-9 (10 ng/ml), TGF-β1 (1 ng/ml), and soluble ALK1 fragment (300 ng/ml) (all from R&D Systems) were added as indicated in the legend for Supplemental Figure 4 . Stable mouse mesangial (MES-13) cells were obtained from ATCC and were cultured as per their recommendations. Podocytes were prepared and cultured as previously described (34).
Transient transfections of primary lung cells or HAECs with siRNA (Silencer Predesigned siRNA, Ambion) were performed with Lipofectamine 2000 (Invitrogen) using 60 nM siRNA. The amount of siRNA was optimized as per the manufacturer's instructions. Three separate siRNAs and scrambled siRNA with the same nucleotide content were tested. When compared with unrelated control siRNA and scrambled siRNA, the specific siRNAs resulted in an 80%-95% decrease in mRNA and protein levels, as determined by real-time PCR and immunoblotting, respectively. The siRNA that provided the most efficient inhibition (90%-95%) was used for all the experiments. Silencer Predesigned siRNAs were obtained for ALK2, ALK1, ALK5, SMAD1, SMAD2, and MGP. BAECs and mesangial cells were transiently transfected with an expression construct for N-terminally FLAG-tagged human MGP (pN-FLAG-hMGP) (18) or empty control plasmid using FuGene 6 (Roche Applied Science) as previously described (18) . Conditioned media for the proliferation experiments was prepared by allowing growth medium (DMEM with 15% FBS) to incubate for 24 hours with the transfected cells. Incubation was initiated 3 hours after transfection and after removal of FuGene 6.
RNA analysis. Real-time PCR analysis was performed as previously described (35) . GAPDH was used as a control gene (35). Primers and probes for mouse BMP-4, BMP-7, BMP-9, MGP, ALK1, ALK2, ALK5, VEGF, SMAD1, SMAD2, PECAM-1, and Ephrin B2 were obtained from Applied Biosystems as part of the TaqMan Gene Expression Assays.
Immunoblotting. Immunoblotting was performed as previously described (36). Equal amounts of cellular protein or culture medium were used. For optimal detection of VEGF in culture media, VEGF was first immunoprecipitated with anti-VEGF antibodies (Santa Cruz Biotechnology Inc.) as previously described (35). Results were then analyzed by immunoblotting using specific antibodies to VEGF (200 ng/ml; R&D Systems). Blots were incubated with specific antibodies to pSMAD1/5/8 and pSMAD2/3 (both 400 ng/ml; Cell Signaling Technology); total SMAD, BMP-4, ALK1, ALK2, ALK5, PECAM-1, Ephrin B2, and VE-cadherin (all 400 ng/ml; Santa Cruz Biotechnology Inc.); VEGF and BMP-7 (both 200 ng/ml; R&D Systems); SP-B (4 μg/ml; Upstate-Millipore); FLAG (2.5 μg/ml; Sigma-Aldrich); AQP-5 (5 μg/ml; Calbiochem); or CCSP (1:2,000 dilution; Upstate-Millipore). β-Actin (1:5,000 dilution; Sigma-Aldrich) was used as loading control.
Immunofluorescence. Tissue sections were fixed in 4% paraformaldehyde and processed as previously described (37). Immunofluorescence was performed in detail as previously described (38). We used specific antibodies for pSMAD1/5/8 (Santa Cruz Biotechnology Inc.); pSMAD2/3 (Cell Sig-naling Technology); total SMAD, ALK1, ALK2, ALK5, VE-cadherin, and VEGF (all from Santa Cruz Biotechnology Inc.); vWF (Dako); Isolectin B4 (Vector Laboratories); SP-B (Upstate-Millipore); α-smooth muscle actin (R&D Systems); and MGP (provided by Reidar Wallin, Wake Forest University, Winston-Salem, North Carolina, USA). The nuclei were stained with DAPI (Sigma-Aldrich) (38). Cultured cells were grown in chamber slides and fixed in 4% paraformaldehyde for 30 minutes, permeabilized with 0.1% Triton X-100, and blocked with 1% goat serum and 1% BSA in TBS. The cells were then immunostained using the same protocol as the tissues.
Vessel density. Vessel density was performed as previously described (16, 39) . Paraffin blocks with embedded vessels were cut into 6-μm-thick cross sections, which were immunostained for the vWF factor as described above. Images were acquired with an inverted Zeiss Axiovert 200 microscope (Carl Zeiss MicroImaging Inc.). Only capillaries oriented perpendicular to the plane of sectioning were counted. Capillary density was calculated by dividing the total number of capillaries on the slides by the area of the stained sections in mm 2 and then averaged.
Proliferation assays. HAECs were seeded in 24-well plates at a density of 100,000 cells per well, allowed to attach for 4 to 6 hours, and treated as indicated in the Results. 3 H-Thymidine was added at 1 μCi/ml for 4 days, and 3 H-thymidine incorporation was determined as previously described (35).
Luciferase assays. Luciferase assays were performed as described previously and normalized to Renilla luciferase (18, 35) . Luciferase and Renilla luciferase activities were determined using an AutoLumat LB953 luminometer (PerkinElmer Life Sciences), and the luciferase activity was expressed as mean ± SD from quadruplicate transfections after normalization to Renilla luciferase activity.
Coimmunoprecipitation and cross-linking. Coimmunoprecipitation of BMP-7 and N-FLAG-MGP was performed as described previously (1) . BMP-7 (100 ng) was added to 1 ml culture medium from BAECs collected 24 hours after transfection of the N-FLAG-MGP construct or empty plasmid. Immunoprecipitation was performed using anti-BMP-7 antibodies (1 μg/ml; R&D Systems), and immunoblotting was performed using anti-FLAG antibodies as described above. Alternatively, immunoprecipitation and immunoblotting were performed using anti-FLAG and anti-BMP-4 antibodies, respectively.
Serum-free-conditioned media from transfected HEK293 cells were used in the cross-linking experiments. Conditioned medium was mixed with BMP-4 and chemically cross-linked with disuccinimidyl suberate as described previously (40). The cross-linked products were analyzed by immunoblotting and/or protein staining.
Statistics. Data were analyzed for statistical significance by ANOVA with post-hoc Tukey's analysis. The analyses were performed using GraphPad Instat, version 3.0 (GraphPad Software). Data represent mean ± SD. P values of less than 0.05 were considered significant, and experiments were repeated a minimum of 3 times.
